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a b s t r a c t 
van ’t Hoff plots (logarithm of the retention factor, ln k , vs. the reciprocal of absolute temperature, 1/ T ) are 
commonly used in chromatographic studies to characterize the retention mechanisms based on the de- 
termined enthalpy ( H ◦) and entropy ( S ◦) change of analyte adsorption. In reversed phase liquid chro- 
matography, the thermodynamic parameters could help to understand the retention mechanism. In chiral 
chromatography, however, the conclusions drawn based on van ’t Hoff plots can be deceptive because 
several different types of adsorption sites are present on the surface of stationary phase. The influence 
of heterogeneity, however, cannot be studied experimentally. In this study, we employed two reversed 
phase columns with different retention mechanisms to show that by serially coupling the columns, the 
obtained thermodynamic parameters are not related to the results obtained on the respective individual 
columns. Furthermore, our results show that the experimental conditions – such as flow-rate or choice 
of instrument – will strongly influence the calculated enthalpy and entropy values. 
© 2020 The Authors. Published by Elsevier B.V. 







































Chiral separations have become a rather important chromato-
raphic area in both analytical and preparative separations. The re-
ention behavior in chiral separations is often investigated via the
stimation of enthalpy and entropy changes of enantiomer sepa-
ation to unfold the mechanism of chiral recognition. In a typi-
al case, several chemically related chiral analytes are involved and
heir retention is studied using a series of systematically changed
xperimental conditions. Nevertheless, it is nowadays clear that
espite the simplicity of the van ’t Hoff analysis, even the physical
nterpretation of its parameters is limited because the chromato-
raphic column is an open system with constant pressure gradient,
.e. neither isobaric nor isochoric [1] . 
The van ’t Hoff analysis used in chromatographic practice is
ased on the equation 




+ ln φ, (1)
RT R 
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021-9673/© 2020 The Authors. Published by Elsevier B.V. This is an open access article uhere k is the retention factor of the analyte, H ◦ and S ◦ are
he standard molar enthalpy and entropy changes, respectively, R
s the gas constant, T is the temperature and φ is the phase ratio
i.e. the ratio of the volume of the stationary phase and that of the
obile phase). This method assumes that by plotting ln k against
/ T a linear relationship is obtained. H ◦ is calculated from the
lope, whereas S ◦ is derived from the intercept of Eq. (1) . 
On the surface of chiral stationary phases, different types of ad-
orption sites (i.e. various enantioselective and nonselective sites)
re present [2,3] , and the van ’t Hoff procedure uses only the re-
ention factor derived from the retention time of a retained and
hat of a non-retained compound to describe the interaction of an
nalyte with the stationary phase. Thus the individual interactions
nd their actual ratio in the chromatographic column are never de-
ermined and the conclusions drawn on the basis of the derived
hermodynamic data can easily be deceptive. 
Using a van ’t Hoff plot in chiral chromatography such as the
ne illustrated in Fig. 2 , several simplifications are made: the re-
ention factor ( k ) does not refer to a single type of interaction even
n reversed phase chromatography [4,5] , and definitely not in chi-
al chromatography [3,6–8] and the true phase ratio ( φ) is actually
ever known [8–10] . 
Although Lämmerhofer [8] pointed out that the information
ontent of the thermodynamic studies and derived quantities isnder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 












































Correction values at different flow-rates on the Waters Ac- 
quity I Class instrument. 
Flow-rate Extracolumn time Extracolumn volume 
(mL/min) (s) (μL) 
0.10 5.60 9.33 
0.15 4.15 10.37 
0.20 3.43 11.42 
0.25 3.02 12.58 
0.30 2.72 13.59 
0.35 2.48 14.46 
0.40 2.33 15.54 
0.45 2.19 16.41 
0.50 2.09 17.45 
0.55 1.99 18.24 
0.60 1.92 19.20 
0.65 1.85 20.08 












































t  strongly limited and Asnin et al. [1] collected and demonstrated
all the pitfalls possibly occurring when using van ’t Hoff plots in
chiral chromatography, there is a great number of studies which
favorably use it. It should be noted that when using the logarithm
of the separation factor (selectivity) and not the retention factor,
the error introduced by the unknown phase ratio is eliminated.
This argument, however, does not apply to the calculation of molar
enthalpies and entropies of the heterogeneous adsorption process
where the errors are still present. 
In this work, we show the importance of distinguishing be-
tween the adsorption sites present in a chromatographic column.
To achieve this, we use achiral conditions. The serial connection of
two reversed phase columns results in a stationary phase with two
different adsorption sites where both sites are characterized indi-
vidually using the van ’t Hoff analysis. We also want to draw atten-
tion on instrumental and experimental circumstances that highly
influence the results derived from van ’t Hoff analysis. 
2. Theory 
2.1. The effect of two adsorption sites by column connection 
For chiral stationary phases – where at least two types of ad-
sorption sites are present – the retention factor is generally writ-
ten [3] as the sum of the retention factor of the non-selective sites
( k ns ) and that of the enantioselective sites ( k es ) as 
k exp = k ns + k es . (2)
Because the isolation of the selective and non-selective sites is not
possible experimentally, we study a system containing two differ-
ent reversed phase columns that are serially connected. This way,
although, the results will not be based on chiral separations, we
can get valuable information about a system where two different
adsorption sites are present. 
By the serial coupling of the columns, the expected retention
time will be the sum of the individual retention times and also
the void time is the sum of the respective void times. Thus, the
retention factor of the analyte on the connected columns will be 
k = (t R , 1 + t R , 2 ) − (t 0 , 1 + t 0 , 2 ) 
t 0 , 1 + t 0 , 2 
, (3)
where t R ,1 and t R ,2 refer to the retention time of the same com-
pound obtained on the first and the second column, while t 0,1 and
t 0,2 are the void times of the first and second column, respectively.
It follows that using the individual retention factors to derive the
retention times, t R , i = t 0 , i (k i + 1) , Eq. 3 will simplify to 
k = t 0 , 1 k 1 + t 0 , 2 k 2 
t 0 , 1 + t 0 , 2 
, (4)
thus the overall retention factor is calculated as the void-time
weighted average of the respective k values. 
By substituting Eq. (4) into (1) and using the individual en-
thalpy and entropy changes calculated for the corresponding








of the second column obtained using Eq. (1) ) one will get the fol-
lowing expression 
k = 




+ S ◦1 
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where φ1 V 0 , 1 = V S , 1 , φ2 V 0 , 2 = V S , 2 and V M = V 0 , 1 + V 0 , 2 is the mo-
bile phase volume of the system. It is obvious from Eq. (5) that
the enthalpy and entropy values of two adsorption sites cannot be
summed as it is assumed in chiral chromatography or whenever
the adsorption is heterogeneous. . Experimental 
The mefloquine profiles were acquired using a Shimadzu HPLC
ystem including a binary pump and diode-array detector us-
ng ACN/MeOH/H 2 O 4 9/4 9/2 with 50 mM HCOOH and 30 mM
COONH 4 as eluent in isocratic mode. Concentration of the sam-
le was 0.1 mg/mL. 2.0 μL was injected, the flow-rate was set to
.0 mL/min. The column was a Chiralpak ZWIX( + ) with a particle
iameter of 3 μm and dimensions of 4.6 × 150 mm. Temperature
as set to 20, 25, 30 and 35 ◦C to obtain the profiles. Detection
as done at 280 nm. The void time was obtained by injecting 1,3,5-
ri-tert-butylbenzene (97 + %, ThermoFisher GmbH). The mefloquine
tandard was purcased from Merck as hydrochloride salt with a
urity of > 98%. The molecular formula is C 17 H 16 F 6 N 2 O 
∗HCl. 
The column connection experiments were carried out on a Wa-
ers Acquity I Class instrument (Waters Corporation, Milford MA,
SA). The system consists of a binary solvent manager, an au-
osampler with a flow-through-needle injector, a column man-
ger, a diode-array detector and a computer data station run-
ing Empower 3 software. Two reversed phase columns were used
o perform the experiments: a Zorbax Eclipse Plus C18 (3.5 μm;
.6 × 100 mm) and a Zorbax SB-CN (3.5 μm; 4.6 × 150 mm) col-
mn. The mobile phase was MeOH/H 2 O 25:75 (V/V%). The sam-
le contained caffeine ( c inj = 0 . 05 mg/mL, > 99%, Fluka Analytical)
nd thiourea ( c inj = 0 . 06 mg/mL, > 99%, Sigma-Aldrich) dissolved in
obile phase and the injected volume was 0.5 μL. The flow-rate
as varied between 0.1 and 0.7 mL/min, at each temperature (25,
0, 35, 40, and 45 ◦C). Thus the separations were performed at 13
ow-rates and at 5 different temperatures to obtain the van ’t Hoff
lots for each column and when the columns were serially con-
ected. Detection was done at 272 nm. 
To obtain the retention factors, the retention times were ob-
ained using PeakFit v4.12 software by fitting exponentially mod-
fied Gaussian functions to the peaks. Then the retention times
ere corrected. The correction contains instrumental values such
s system volume and injection drift by increasing the flow-rate.
he values used for the correction are summarized in Table 1 . 
. Results and discussion 
.1. Mefloquine measurements 
The retention behavior of mefloquine enantiomers on a
WIX( + ) column is rather unusual when carried out at several
emperatures, as it is shown in Fig. 2 . We can see that the re-
ention of the first peak does not depend on the temperature
nd the second peak has significant tailing even using elevated
emperatures. One would first assume overloading effects or slow
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Fig. 1. a. Molecular formula of mefloquine enantiomers, b. Molecular structure of 
ZWIX(+) selector. 
Fig. 2. Chromatograms of mefloquine enantiomers recorded at different tempera- 
























Fig. 3. van ’t Hoff plots of mefloquine enantiomers recorded at different tempera- 
tures on a ZWIX(+) column. 
Table 2 
Thermodynamic values calculated 
from the data obtained during the 
fitting of the stochastic model for 
the three adsorption sites. 
H ◦ S ◦
kJ/mol J/(K mol) 
1st site −2.41 −2.51 
2nd site −31.10 −89.70 


































t  dsorption–desorption kinetics [7] , the situation is indeed rather
omplicated. From the peak shapes of the second peak shown in
ig. 2 we can conclude that several adsorption sites are present on
his stationary phase. 
The van ’t Hoff analysis based on Eq. (1) shows that there is
 big difference in H ◦ ( −2 . 41 kJ/mol vs. −23 . 80 kJ/mol) and in
S ◦ ( −2 . 51 J/(K mol) vs. −62 . 40 J/(K mol)) values for the two
nantiomers. The van ’t Hoff plots are presented in Fig. 3 , while
he chemical structure of the mefloquine enantiomers and the
WIX( + ) selector are shown in Fig. 1 . These energies however
ould not refer to a single bond, even one H-bond would be larger,
nd based on the molecule structure, two or more H-bonds can
orm between one molecule and one stationary phase ligand. There
re several other possible interactions such as ionic-bonding, π-
tacking, enantiomer recognition, and it is also feasible that several
olecules bond at the same time to one stationary phase ligand.
s mentioned, it is interesting that the retention time of the less
etained enantiomer does not change significantly when increasing
he temperature. This phenomenon is still unclear. Maybe one or
ore inhibitory interactions are also present and their combina-
ion is balanced by temperature change. 
The peak shape observed for the second eluted enantiomer
an only occur when at least three different adsorption sites areresent [11] . Using the stochastic theory of chromatography [12] ,
he fitting of the characteristic function accounting for three ad-
orption sites is possible in the Fourier domain. This was carried
ut using an algorithm written in-house in Fortran programming
anguage. It was assumed that the first eluted enantiomer is re-
ained by only one type of adsorption site while the second eluted
nantiomer is retained by all the three sites. The fitting procedure
rovides the number of adsorption-desorption steps and the aver-
ge time that a molecule spends bound to the stationary phase for
ach adsorption site. 
For a three-site retention process, the retention factor is written
s 




= n 1 τ1 + n 2 τ2 + n 3 τ3 
t 0 
(6) 
here n i is number of adsorption–desorption steps and τ i the av-
rage sojourn time in the stationary phase during a single adsorp-
ion step on site i . The contribution of site i to the overall retention
actor is k i = n i τi /t 0 . 
From those results, the van ’t Hoff plots of the individual ad-
orption sites can be obtained respectively. Table 2 contains the
H ◦ and S ◦ values obtained from the chromatograms of the
efloquine enantiomers using the data obtained by the fitting pro-
edure. While looking at the data presented in Table 2 it is clear
hat there is a huge difference between the various sites, thus the
verall H ◦ and S ◦ values obtained using retention factors can-
ot describe well the separation mechanism. 
.2. Theoretical van ’t Hoff considerations 
The retention data of the mefloquine measurements were uti-
ized to show the effect of more than one type of interactions
n the calculated thermodynamic parameters ( H ◦ and S ◦). Al-
hough three adsorption sites and interactions were used in the
tting procedure, for the sake of simplicity only two sites are as-
umed in this theoretical part of the study. 
We artificially partitioned the retention factor of the more re-
ained mefloquine enantiomer into certain percentages to obtain
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Fig. 4. Example of theoretical partitioning the retention factor data. Red line shows 
the retention factors of the more retained mefloquine enantiomer used for the cal- 
culations while the blue and green lines are the arbitrary fractions of the experi- 
mental data. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
Fig. 5. Plots of the partitioned and original retention factors shown in Fig. 4 used 























Fig. 6. The calculated enthalpy changes when two adsorption sites are assumed 
and the retention factor is partitioned. Colors indicate different partitioning proce- 
dures shown in the legend. The retention factor from which the calculation was 
made ( k 1 , k 2 and k ) is indicated with arrows. 
Fig. 7. Calculated entropy changes when two adsorption sites are assumed and 
the retention factor is partitioned. Colors indicate different partitioning procedures 
shown in the legend. The retention factor from which the calculation was made ( k 1 , 























s  k 1 and k 2 . To preserve the experimental behavior of the retention
factor data e.g. k decreases as temperature is increased, we needed
to partition the original data in different degrees at different tem-
peratures. This is illustrated in Fig. 4 where k 1 is 60% of the orig-
inal k value at 293 K thus k 2 is 40% while at 308 K k 1 is 90% of
the original k and k 2 is only 10% of it. At intermediate tempera-
tures, the percentage of the partitioning yields that the logarithm
of both k 1 and k 2 becomes linear as plotted against the reciprocal
of temperature (shown in Fig. 5 ). 
From the partitioned retention factors, a van ’t Hoff plot was
created and H ◦ and S ◦ were calculated. We should note at this
point that for all entropy calculations the same phase ratio was
assumed to show the differences that are present only because of
the partitioning. 
To change the proportion of k 1 related to the original k , the
ln k 1 vs. 1/ T lines obtained from the partitioned data (indicated by
squares in Fig. 4 ) were shifted while ln k 2 was unchanged and both
the H ◦ – S ◦ and the corresponding k 1 and k values were calcu-
lated. This shifting procedure was repeated for several cases. The
calculated thermodynamic values are plotted against k 1 / k shown
in Figs. 6 and 7 . The values obtained using Figs. 4 and 5 are at
k 1 / k = 0.6 when the partitioning procedure was k 1 60% → 90%. 
The colors in Figs. 6 and 7 represent different partitioning pro-
cedures and it is indicated from which retention factor the ther-
modynamic data was calculated. It is obvious from these graphshat the H ◦ and S ◦ values calculated from the partitioned reten-
ion factors k 1 and k 2 only agree with the ones calculated from the
riginal retention factor, k when the other type of adsorption site
s not present, i.e. k 1 = k or k 2 = k . When a heterogeneous interac-
ion is assumed, the overall thermodynamic parameters calculated
rom the retention factor k show a nonlinear transition between k 1 
nd k 2 . 
.3. Experiments with two adsorption sites 
In chiral separations, one cannot eliminate the heterogeneity of
he retention mechanism. Therefore when one wants to study how
wo or more interactions contribute to the overall retention, a sim-
ler model system should be constructed. We designed a series of
xperiments using two reversed phase columns of different reten-
ion mechanisms (but of the same inner diameter) to draw atten-
ion on the phenomenon discussed in the previous sections of this
tudy. Separations were performed on each column separately and
n the serially connected columns as well. The conclusions drawn
re general for other separation mechanisms, thus also for chiral
hromatography. 
The first thing to decide when determining the thermodynamic
arameters via the van ’t Hoff procedure is whether or not the
hromatographic circumstances – such as flow-rate or back pres-
ure – matter. To obtain a van ’t Hoff plot, one has to measure the
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Fig. 8. Dependence of the retention factor ( k ) on the flow-rate ( F V ) on the Zorbax 
Eclipse Plus C18 column at 5 temperatures. 






























Fig. 10. Dependence of the measured and calculated ( Eq. 4 ) retention factors ( k ) at 
various flow-rates ( F V ) on serially connected Zorbax C18 and Zorbax SB-CN columns 










































e  etention behavior of the compound under investigation, and that
f a non-retained compound at various temperatures but Fig. 8
llustrates that the retention factor depends on the flow-rate on
orbax Eclipse C18 column. The same phenomenon was observed
hen using the Zorbax SB-CN column and also when we serially
oupled the two columns. 
The flow is generated via pressure across the chromatographic
ystem, which results in higher pressure drops along the column
s the flow-rate is increased. One should note that for two tem-
eratures (25 and 30 ◦C), for either individual and for the serially
oupled columns the change of k shows a contradictory trend than
xpected (see Fig. 10 ). It has to be noted that this effect cannot be
ttributed to frictional heat. Frictional heat would result in a steep
ecrease in k as the flow-rate is increased. Our results at 25 ◦C,
owever, show a constant retention factor in the 0.5–0.7 mL/min
ow-rate range. Furthermore, if we omit the results obtained at
5 ◦C, the van ’t Hoff plots do not change significantly and the
ame thermodynamic values are calculated. When measuring and
lotting classical van ’t Hoff data, it is not common to use e.g. wa-
er bath to thermostat the column, so the problem of flow-rate
resented here is a general warning. 
In all three cases (with the two respective columns and for the
erially connected one), the van ’t Hoff plots were created for each
nvestigated flow-rate ( Fig. 9 ). It is obvious from Fig. 9 that both
he slope and the intercept depend on the particular flow-rates,
hus the calculated enthalpy and the entropy changes will differ as
ell. The pressure dependence of the retention is already known:
ven for small molecules, the pressure affects retention due tohe change of the molar volume of the analyte during adsorption
13,14] . 
As it was mentioned above, the calculation of the true phase
atio, φ is not possible in liquid chromatography. Even for the sim-
lest case when only one bonding site is assumed on the surface
f the stationary phase particles to be present, the ratio of the
tationary phase and the mobile phase volumes cannot represent
he true phase ratio. Thus the S ◦ values calculated not only in
his study but in all van ’t Hoff analyses in chromatography must
e treated with reservations. The calculated thermodynamic val-
es and the phase ratios are summarized in Table 3 . The errors of
he values (95% confidence limits) were calculated from regression
ata. 
By connecting two columns serially, we get a heterogeneous
tationary phase with two bonding sites, where the phase ratio
hould be known for the respective sites. Thus, with a simple van ’t
off plot, the true energy of a single interaction cannot be deter-
ined. The data presented in Table 3 show that 
• the calculated H ◦ and S ◦ values vary with the flow-rate of
the separation; 
• although similar values are obtained on the single columns,
the thermodynamic data calculated for the serially coupled
columns differ from any of them; 
• the values obtained for the connected columns are not between
the results obtained for the single columns. 
It is really interesting to investigate the correctness of
qs. (4) and (5) and thus the actual meaning of the thermody-
amic parameters derived from the van ’t Hoff plots. Fig. 10 illus-
rates the correctness of Eq. (4) . It is clear that these equations de-
cribe the system well, for each investigated flow-rate the relative
ifference between the calculated and measured values is below
.3% for Eq. (4) and below 3.2% for Eq. (5) . 
The average column pressure is calculated as 
p avg = p in + p out 
2 
, (7) 
here p out was obtained as p system − p detector so the pressure drop
long the detector cell was subtracted from the whole pressure
rop. For that purpose, the detector was disconnected from the
ystem and the pressure was monitored for all flow-rates. To ob-
ain p in , both the column and the detector were disconnected from
he system and the pressure was determined for each flow-rate.
able 4 summarizes the measured and calculated pressure data for
he Zorbax SB-CN column at 25 ◦C. 
When one plots the H ◦ and S ◦ values obtained at various
ow-rates against the average column pressure, a rather surprising
esult occurs. The data shown in Tables 3 and 4 indicate that the
hermodynamic parameters vary more or less linearly with the av-
rage pressure drop which is shown in Figs. 11 and 12 . Here not
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Table 3 
Calculated phase ratios and thermodynamic data for the Zorbax Eclipse C18, Zorbax SB-CN, and the serially connected columns at different flow- 
rates. 
Flow-rate C18 SB-CN Connected 
φ H ◦ S ◦ φ H ◦ S ◦ φ H ◦ S ◦
(mL/min) (kJ/mol) J/(K mol) (kJ/mol) J/(K mol) (kJ/mol) J/(K mol) 
0.1 0.70 −14.27 ± 0.40 −35.66 ± 1.31 0.44 −14.65 ± 0.58 −36.11 ± 1.85 0.52 −15.01 ± 1.04 −37.39 ± 3.40 
0.15 0.70 −13.83 ± 0.68 −34.17 ± 2.22 0.44 −13.86 ± 0.50 −33.42 ± 1.63 0.53 −14.18 ± 0.82 −34.68 ± 2.66 
0.2 0.70 −13.08 ± 1.08 −31.70 ± 3.49 0.44 −13.18 ± 0.67 −31.21 ± 2.17 0.53 −13.34 ± 0.95 −31.96 ± 3.08 
0.25 0.70 −12.42 ± 1.56 −29.52 ± 5.08 0.44 −12.53 ± 0.79 −29.08 ± 2.57 0.53 −12.39 ± 1.19 −28.88 ± 3.88 
0.3 0.71 −11.85 ± 1.85 −27.62 ± 6.02 0.44 −11.89 ± 0.88 −27.01 ± 2.85 0.53 −11.57 ± 1.45 −26.22 ± 4.71 
0.35 0.71 −11.19 ± 1.56 −25.50 ± 5.08 0.45 −11.29 ± 0.89 −25.09 ± 2.90 0.53 −10.78 ± 1.60 −23.64 ± 5.21 
0.4 0.71 −10.52 ± 1.02 −23.32 ± 3.32 0.45 −10.73 ± 0.91 −23.26 ± 2.97 0.53 −10.03 ± 1.85 −21.19 ± 6.01 
0.45 0.71 −10.07 ± 0.98 −21.81 ± 3.18 0.45 −10.20 ± 1.00 −21.55 ± 3.26 0.53 −9.31 ± 2.51 −18.87 ± 8.16 
0.5 0.71 −9.64 ± 0.85 −20.41 ± 2.77 0.45 −9.72 ± 1.00 −20.02 ± 3.25 0.53 −8.55 ± 2.62 −16.38 ± 8.50 
0.55 0.71 −9.32 ± 0.56 −19.35 ± 1.83 0.45 −9.40 ± 1.03 −19.01 ± 3.36 0.54 −8.31 ± 1.59 −15.59 ± 5.16 
0.6 0.71 −9.01 ± 0.33 −18.31 ± 1.06 0.45 −8.88 ± 1.08 −17.30 ± 3.50 0.54 −7.98 ± 1.80 −14.50 ± 5.85 
0.65 0.71 −8.60 ± 0.22 −16.97 ± 0.71 0.45 −8.49 ± 1.08 −16.06 ± 3.51 0.54 −7.76 ± 2.75 −13.77 ± 8.94 
0.7 0.71 −8.18 ± 0.47 −15.60 ± 1.53 0.45 −8.17 ± 1.09 −15.07 ± 3.55 n/a n/a n/a 
Table 4 
Monitored and calculated pressures for Zorbax-SB-CN at 25 ◦C at the 
investigated flow-rates. Pressures are shown in bar, while flow-rate 
is in mL/min. The shortened indices are: det.disc. = detector discon- 
nected, col.disc. = column dicsonnected. 
Flow-rate p system p det.disc. p col.disc. p out p in p avg 
0.10 51 42 26 9 25 17 
0.15 78 65 40 13 38 26 
0.20 106 87 55 19 51 35 
0.25 133 110 68 23 65 44 
0.30 158 132 83 26 75 51 
0.35 184 155 97 29 87 58 
0.40 208 178 112 30 96 63 
0.45 232 200 126 32 106 69 
0.50 256 223 141 33 115 74 
0.55 281 245 156 36 125 81 
0.60 305 267 170 38 135 86 
0.65 329 289 184 40 145 92 
0.70 351 311 199 40 152 96 
Fig. 11. Dependence of the H ◦ values calculated via the van ’t Hoff plot on the 
average pressure drop along the columns for the two single columns (Zorbax Eclipse 








Fig. 12. Dependence of the S ◦ values calculated via the van ’t Hoff plot on the 
average pressure drop along the columns for the two single columns (Zorbax Eclipse 

























the linearity is emphasized but the change with the flow-rate. The
H ◦ and S ◦ values for the serially connected columns cannot be
the combination of the individual results. 
When the plots are extrapolated to p = 0 bar (dashed lines in
Figs. 11 and 12 ) to eliminate the pressure effect, one gets more
realistic H ◦ and S ◦ values referring to the original van ’t Hoff
analysis. For H ◦, the extrapolation to p = 0 results in −16 . 8
kJ/mol whereas -8.5 kJ/mol is obtained at a widely used flow-rate
0.5 mL/min. For S ◦, the extrapolation to p = 0 results in −43 . 2/(K mol) whereas −15 . 8 J/(K mol) is obtained at F v = 0 . 5 mL/min.
hus it is indeed a problem that van ’t Hoff plots are usually de-
ermined at a single flow-rate. Furthermore, results obtained on
ifferent systems or at different flow-rates are usually compared.
ressure has an important effect on the retention behavior and
hus on the calculated thermodynamic parameters. Surface het-
rogeneity further complicates the determination of the thermo-
ynamic parameters. H ◦ values obtained on the single columns
re independent and rather different from the value obtained on
he serially connected columns. All the H ◦ and S ◦ values deter-
ined in chromatography are only apparent, they do not express
he true thermodynamic parameters of the interactions. 
. Conclusions 
We have demonstrated that, however, in some cases interest-
ng conclusions can be drawn based on van ’t Hoff plots [15,16] ,
he numerical molar thermodynamic values determined from the
lope and intercept of the van ’t Hoff plot can be erroneous be-
ause of the assumptions made compared to the original van ’t
off equation and because of the significant influence of the chro-
atographic circumstances. 
Both experimental and theoretical studies show that a more
omplex thermodynamic study of retention on any type of chro-
atographic stationary phase is necessary than the one offered by
an ’t Hoff plots. 






















































We have created a heterogeneous stationary phase contain-
ng two types of adsorption sites by the serial connection of two
olumns. van ’t Hoff analysis has been used to calculate the ther-
odynamic parameters for the individual sites and for the hetero-
eneous surface. It can be concluded that the heterogeneity of the
tationary phase made the determination of the accurate H ◦ and
S ◦ values impossible. That observation leads to a serious con-
traint for van ’t Hoff analysis in chiral chromatography, where sta-
ionary phases are intrinsically heterogeneous. 
Our results also show that pressure drop along the column
ill strongly influence the calculated enthalpy and entropy values.
herefore, the value of the calculated thermodynamic parameters
trongly depend on the length of the column, the particle size, the
ow-rate, or the instrument itself. 
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